Introduction
============

Phosphoinositides (PIs), the seven metabolites resulting from the phosphorylation of phosphatidylinositol at the 3, 4, and 5 position of the inositol ring, are key regulatory phospholipids localized on the cytosolic leaflets of cellular membranes. Via interactions with proteins mediated by their differentially phosphorylated headgroups, they control various aspects of cell physiology including, but not limited to, signaling, membrane traffic and interactions, cytoskeleton dynamics, and lipid homeostasis ([@bib7]; [@bib8]; [@bib2]). Not surprisingly, in view of these pleiotropic effects, connections between malfunctions of PI metabolism and human disease are becoming progressively evident ([@bib26]; [@bib39]; [@bib48]).

The seven PIs are differentially localized on cellular membranes and help define their distinct properties ([@bib7]; [@bib19]). This implies the occurrence of mechanisms that coordinate membrane transport from one compartment to another with a change in the PI signature. One of the best characterized examples of this conversion is the metabolism of PIs that occurs in the endocytic pathway. Although PI(4,5)P~2~ is primarily concentrated in the plasma membrane, PI3P is the predominant PI in early endosomes ([@bib47]; [@bib8]). Thus, endocytosis, which starts with the PI(4,5)P~2~-dependent recruitment of endocytic factors to the plasma membrane, is closely coupled to PI(4,5)P~2~ dephosphorylation ([@bib6]; [@bib49]; [@bib30]; [@bib36]; [@bib43]), whereas arrival of the endocytic membrane is signaled by the acquisition of PI3P ([@bib40]; [@bib47]; [@bib61]).

The first enzyme to be implicated in the coupling between endocytosis and PI(4,5)P~2~ dephosphorylation was synaptojanin 1, a PI phosphatase that is expressed at very high levels in neurons, where it participates in the endocytosis of synaptic vesicles ([@bib27]; [@bib6]). Synaptojanin 1 and its close homologue synaptojanin 2 ([@bib37]) dephosphorylate PI(4,5)P~2~ via two phosphatase modules arranged in tandem: an N-terminal Sac1 domain (henceforth referred to as Sac domain) and a central inositol 5-phosphatase domain ([@bib27]; [@bib41]). The Sac domain of synaptojanin primarily has inositol 4-phosphatase activity ([@bib13]; [@bib38]) and derives its name from the Sac1 protein, an ER-localized PI4P phosphatase that plays a critical role in the regulation of PI4P homeostasis ([@bib13]; [@bib10]; [@bib16]). As the Sac domain of synaptojanin acts on PI4P and not on PI(4,5)P~2~, it may function in coordination with the 5-phosphatase module to convert PI(4,5)P~2~ to PtdIns.

Another 5-phosphatase implicated in PI(4,5)P~2~ dephosphorylation during endocytosis is OCRL, an enzyme whose loss of function results in Lowe syndrome and Dent's disease ([@bib1]; [@bib15]; [@bib41]; [@bib28]). OCRL, which is broadly distributed on organelles of the endocytic pathway, is thought to dephosphorylate PI(4,5)P~2~ upon endocytosis and then to prevent its ectopic accumulation on downstream stations of the endocytic pathway ([@bib18]; [@bib9]; [@bib25]; [@bib55]; [@bib28]; [@bib36]). While synaptojanin 1 has a major role at synapses ([@bib6]; [@bib14]; [@bib54]), OCRL appears to be the dominant endocytic 5-phosphatase in nonneuronal cells ([@bib58]; [@bib36]). A close homologue of OCRL, INPP5B, is also expressed by mammalian genomes and cooperates with OCRL in PI(4,5)P~2~/PI(3,4,5)P~3~ dephosphorylation on endocytic membranes ([@bib46]; [@bib41]). Neither OCRL nor INPP5B, however, contain a Sac domain. Thus, it remains possible that they may act in cooperation with a separate Sac domain--containing protein with 4-phosphatase activity.

Mammalian genomes encode five Sac domain--containing proteins: the ER protein Sac1, the two synaptojanins, Sac2 (also referred to as INPP5F), and Fig4 (also referred to as Sac3; [@bib17]; [@bib16]). However, Fig4 was shown to be part of a PI(3,5)P~2~ metabolizing complex on late endosomes ([@bib11]), and Sac2/INPP5F, whose subcellular localization has not been characterized, was reported to function as a 5-phosphatase for PI(4,5)P~2~ and to a lower extent for PI(3,4,5)P~3~ ([@bib31]).

The goal of this study was to gain new insight into the properties of Sac2/INPP5F, whose gene was recently identified as a risk locus in Parkinson's disease ([@bib35]). Our results implicate this enzyme in the endocytic pathway at sites that closely overlap with sites of action of OCRL. They further demonstrate that its Sac domain functions predominantly as a 4-phosphatase, and not as a 5-phosphatase, which is consistent with its very strong similarity to the Sac domain of the Sac1 protein and to the catalytically active Sac domains of the synaptojanins. We suggest that Sac2/INPP5F may function in close cooperation with other inositol phosphatases including OCRL and INPP5B and that the partnership of Sac2/INPP5F with the OCRL or INPP5B pair may represent a functional homologue of synaptojanin. Note that both the NCBI ([www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov){#supp1}) and Uniprot database ([www.uniprot.org](http://www.uniprot.org){#supp2}) currently also assign the name INPP5F to OCRL. To avoid such confusion, and in view of our demonstration that Sac2/INPP5F is a 4-phosphatase, we will use henceforth only the name Sac2.

Results
=======

Localization of Sac2 on early endosomes
---------------------------------------

The subcellular targeting of Sac2 was examined by expressing GFP-tagged Sac2 in COS7 cells and observing cells with low/moderate levels of expression (antibodies directed against Sac2 did not yield detectable immunofluorescence signal for the endogenous protein in all of several cell lines tested). GFP-Sac2 had a punctate distribution ([Fig. 1 A](#fig1){ref-type="fig"}). The great majority of these puncta colocalized with the early endosomal marker Rab5 ([@bib57]), as detected by immunofluorescence ([Fig. 1 A](#fig1){ref-type="fig"}) and by coexpression with GFP-Rab5 ([Fig. 1 B](#fig1){ref-type="fig"}). Quantification analysis demonstrates that 76.7% of GFP-Sac2 or 80.0% of mCh-Sac2 colocalized with endogenous Rab5 or GFP-Rab5, respectively. The most peripheral fraction of Sac2 puncta also colocalized with APPL1, a Rab5 effector that marks a very early endosomal station upstream of PI3P-positive endosomes ([@bib29]; [@bib61]; 54.2% of GFP-Sac2 colocalized with RFP-APPL1; [Fig. 1 C](#fig1){ref-type="fig"}). Sac2, however, did not show an obvious colocalization with the lysosomal maker protein LAMP1 (3.51% of GFP-Sac2 colocalized with RFP-LAMP1; [Fig. 1 D](#fig1){ref-type="fig"}). This indicates that Sac2 is localized on organelles of the endocytic pathway, but only, or primarily, on early stations of this pathway.

![**Localization of Sac2 on endosomes.** (A and B) GFP- or mCherry (mCh)-Sac2 is present on Rab5-positive endosomes, as shown by colocalization with endogenous Rab5 immunoreactivity (A) or with GFP-Rab5 (B). (C and D) GFP-Sac2 also colocalizes with the majority of APPL1 (RFP-APPL1)-positive endosomes (C), but does not colocalize with a lysosomal marker protein, RFP-LAMP1 (D). In A, B, and C, examples of colocalizations are indicated by arrows. Images were taken by spinning-disc confocal microscopy. Bars, 5 µm.](JCB_201409064_Fig1){#fig1}

Overlap with the localizations of OCRL on early endocytic stations
------------------------------------------------------------------

A localization throughout the Rab5-positive compartment including APPL1-positive endosomes had been previously reported for the inositol 5-phosphatase OCRL and its close homologue INPP5B, both of which are Rab5 effectors ([@bib46]; [@bib18]; [@bib9]; [@bib55]). In fact, many of the puncta positive for Sac2 were also positive for OCRL ([Fig. 2 A](#fig2){ref-type="fig"}; 69.8% colocalization with OCRL). In the case of OCRL, a localization at the earliest stages of endocytosis---both clathrin dependent and clathrin independent---had also been demonstrated ([@bib9]; [@bib5]; [@bib51]; [@bib4]; [@bib36]). More specifically, OCRL is recruited to very late-stage clathrin-coated pits, at the transition stage between clathrin-coated pits and vesicles ([@bib9]; [@bib25]; [@bib36]), with the same recruitment signature at GAK ([@bib52]), a cofactor of the clathrin uncoating ATPase ([@bib22]). OCRL is also recruited to macropinosomes as they separate from the plasma membrane ([@bib5]; [@bib51]). Thus, we explored whether Sac2 is also present at sites of clathrin-mediated endocytosis and on macropinosomes.

![**Colocalization of Sac2 with OCRL on early endosomes and at the last stage of clathrin-mediated endocytosis.** Live spinning-disc confocal microscopy. (A) Colocalization of GFP-Sac2 and mCherry-OCRL. The majority of the fluorescent puncta positive for both proteins are expected to be early endosomes, given the close colocalization of both proteins with Rab5 (see [Fig. 1 A](#fig1){ref-type="fig"} and [@bib18]; [@bib9]). Insets show enlarged views of the regions boxed in yellow. (B and C) Time course of CLC-mRFP and either GFP-Sac2 (B) or GFP-OCRL (C) fluorescence intensities at very late stage clathrin-coated pits demonstrating that Sac2 and OCRL appear when clathrin is disappearing, and that Sac2 and OCRL display similar recruitment patterns. The disappearance of the Sac2 and OCRL fluorescence reflects the newly formed vesicle moving out of the focal plane. Bars: (A) 5 µm; (B and C) 1 µm.](JCB_201409064_Fig2){#fig2}

To assess the localization of Sac2 at sites of clathrin-mediated endocytosis, time-lapse spinning-disc confocal microscopy was performed on COS7 cells expressing GFP-Sac2 and mRFP-tagged clathrin light chain (CLC-mRFP). Analysis of blinking clathrin spots on the ventral surface of the cells, i.e., endocytic clathrin-coated pits, revealed that Sac2 appeared at sites of clathrin-positive puncta as the clathrin signal had nearly disappeared and remained associated with them as they moved to a deeper position in the cell out of the focal plane ([Video 1](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp3} and [Fig. 2 B](#fig2){ref-type="fig"}). The time-course of this recruitment was very similar to that of OCRL, which also remains associated with the newly formed vesicles ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib9]; [@bib36]). Although in the case of OCRL the recruitment to sites of clathrin-mediated endocytosis is mediated at least in part by its clathrin boxes ([@bib25]), the mechanism underlying the recruitment of Sac2 remains to be determined, as mutations of a potential clathrin-binding site in its C-terminal region (^1047^LLELE^1051^, a so-called clathrin box; [@bib21]) did not abolish recruitment.

To determine the potential presence of Sac2 on macropinosomes, live spinning-disk confocal microscopy was performed on COS7 cells expressing constitutively active H-Ras^V12G^. This H-Ras mutant induces an abundant formation of macropinosomes, at least in part through the stimulation of PI(3,4,5)P~3~ production ([@bib42]). This assay revealed the recruitment of GFP-Sac2 to macropinosomes when PI(3,4,5)P~3~ had started to decrease, as detected by the PI(3,4,5)P~3~ reporter RFP-PH^AKT^([Fig. 3 A](#fig3){ref-type="fig"}). GFP-Sac2 stayed on these macropinosomes as they became positive for EEA1, a marker of PI3P-positive endosomes ([Fig. 3 B](#fig3){ref-type="fig"}).

![**Recruitment of Sac2 to macropinosomes.** Mouse fibroblasts expressing GFP-Sac2 and either RFP-PH^AKT^ (A) or RFP-EEA1 (B) were also cotransfected with H-Ras^V12G^ to induce the formation of macropinosomes. The gallery of confocal images shows that Sac2 is recruited to these vesicles when the AKT signal, which primarily reflects PI(3,4,5)P~3~, is disappearing, and remains associated with the vesicles as they mature to EEA1-positive endosomes. Bars, 1 µm.](JCB_201409064_Fig3){#fig3}

In view of these localizations of Sac2, we explored whether its absence would result in a disruption of the endocytic system. To this aim, we generated mouse embryonic fibroblasts (MEFs) from previously described Sac2/INPP5F knockout (KO) mice ([@bib59]). In agreement with the lack of major pathological phenotypes at the organismal levels in Sac2 KO mice, no major defects were observed in the endosomal system of Sac2 KO MEFs, which suggests a functional overlap with other PI 4-phosphatases. The steady-state levels of PIs in Sac2 KO MEFs, as measured by HPLC of metabolically labeled cells, demonstrated only a very minor (∼5%, and at the limit of significance) increase in PI4P (PI4P levels expressed as the percentage of total detectable PIs in wild-type (WT) control and KO MEFs were 0.058 ± 0.0010 and 0.061 ± 0.0012 \[P \< 0.375\], respectively). Levels of other PIs were not different from controls (unpublished data). Analysis of the localization of several endocytic markers in KO MEFs (clathrin, AP2, OCRL, Rab5, APPL1, EEA1, and LAMP1) also did not reveal major abnormalities relative to control WT MEFs ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp4}). Sac2 KO MEFs, however, showed a defect in the internalization of transferrin, an assay used to monitor clathrin-meditated endocytosis ([Fig. 4](#fig4){ref-type="fig"}). This defect, which is reminiscent of the defect in clathrin-mediated endocytosis observed in cells that lack OCRL ([@bib36]), provides genetic evidence for a functional involvement of Sac2 in the endocytic pathway.

![**Defect in the internalization of transferrin in Sac2 KO MEFs.** Internalization of biotinylated transferrin over time was analyzed biochemically in WT and Sac2 KO MEFs using an ELISA-based assay (see Materials and methods for details). Data were expressed as mean ± SD (error bars) of three independent experiments (Student's *t* test, \*\*, P \< 0.01; \*\*\*, P \< 0.001).](JCB_201409064_Fig4){#fig4}

Rab5 is a major regulator of Sac2 localization
----------------------------------------------

The major colocalization of Sac2 with Rab5 raised the possibility that, as in the case of OCRL ([@bib18]; [@bib26]) and INPP5B ([@bib46]), this small GTPase may have a major role in the localization of Sac2. To explore this possibility, the distribution of mCherry-Sac2 was assessed in COS7 cells expressing GFP-tagged WT Rab5 (Rab5^WT^), constitutively active Rab5 (Rab5^Q79L^), and dominant-negative mutant Rab5 (Rab5^S34N^). mCherry-Sac2 closely colocalized with Rab5^WT^ and Rab5^Q79L^ on endosomes, including the large endosomes typically induced by Rab5^Q79L^-expressing cells ([Fig. 5, A and B](#fig5){ref-type="fig"}). In contrast, the bright spots of mCherry-Sac2 were no longer visible in a cell expressing Rab5^S34N^, which also had a diffuse distribution ([Fig. 5 C](#fig5){ref-type="fig"}), even though endosomes positive for an endosomal marker (RFP-2xFyve^EEA1^) were still present in these cells ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp5}). We conclude that Sac2, like OCRL, is a Rab5 effector, although it may not bind Rab5 directly and although Rab5 may not be the only determinant of its localization. Importantly, Rab5 not only recruits both OCRL and Sac2 to the same membranes, but also enhances formation of a complex comprising the two proteins, which can be demonstrated by anti-Sac2 immunoprecipitation from COS7 cells coexpressing HA-tagged OCRL, Flag-tagged Sac2, and GFP-Rab5 constructs. A pool of HA-tagged OCRL was recovered along with GFP-Rab5 constructs in anti-Flag (i.e., Flag-Sac2 enriched) immunoprecipitates obtained from cells expressing GFP-Rab5^Q79L^ or GFP-Rab5^WT^ ([Fig. 5 D](#fig5){ref-type="fig"}). In contrast, recovery of HA-OCRL and Rab5 was drastically reduced when using cells expressing Rab5^S34N^, i.e., dominant-negative Rab5 ([Fig. 5 D](#fig5){ref-type="fig"}). As Rab5 cannot bind two effectors simultaneously, this finding speaks against a direct interaction between Rab5 and Sac2.

![**Sac2 functions downstream of Rab5 and is part of a complex also comprising OCRL.** (A--C) COS7 cells were cotransfected with mCherry (mCh)-Sac2 together with GFP-Rab5^WT^, GFP-Rab5^Q79L^ (constitutively active; B), or GFP-Rab5^S34N^ (dominant negative; C), as indicated, and imaged by confocal microscopy. mCh-Sac2 colocalizes with WT and constitutively active Rab5. In contrast, it has a predominant cytosolic localization in cells expressing dominant-negative Rab5. Inset panels show enlarged views of the regions boxed in yellow. Bars: (full-size images) 5 µm; (insets) 2 µm for inset image. (D) COS7 cells were cotransfected with 3×Flag-Sac2, HA-OCRL, and GFP-tagged Rab5 constructs (Rab5^WT^, GFP-Rab5^Q79L^, or GFP-Rab5^S34N^). Cell lysates were immunoprecipitated with anti-Flag antibody to enrich for Sac2. Immunoblotting of the starting lysates (left) and of the immunoprecipitates (right) for the Flag, HA, and GFP epitopes confirms enrichment of Sac2 and shows robust coprecipitation of Rab5 and OCRL only from cells expressing GFP-Rab5^WT^ or GFP-Rab5^Q79L^. Recovery of OCRL and Rab5 was dramatically reduced from cells expressing Rab5^S34N^.](JCB_201409064_Fig5){#fig5}

Sac2 is an inositol 4-phosphatase
---------------------------------

OCRL is a member of the inositol 5-phosphatase family, whereas Sac2 is a member of the Sac family of inositol phosphatases. The Sac phosphatase domains of Sac1 and of the synaptojanins act primarily on PI4P ([@bib13]; [@bib38]). However, based on the enzymatic characterization of GST-(human) Sac2 purified from Sf9 insect cells, Sac2 was reported to act as a 5-phosphatase ([@bib31]), i.e., with a substrate specificity similar to OCRL, which dephosphorylates PI(4,5)P~2~, and to a lower extent also PI(3,4,5)P~3~, at the 5 position ([@bib58]). The similar localization of two structurally distinct enzymes with the same catalytic activity, Sac2 and OCRL, seemed puzzling. In synaptojanin, the Sac domain and the 5-phosphatase domain are arranged in tandem as part of the same polypeptide. We considered the possibility that the presence of Sac2 in the proximity of OCRL may reflect a similar functional partnership of two enzymes with distinct activities, but in this instance encoded by two separate genes. Thus, we revisited the catalytic function of Sac2.

Inspection of Sac2 reveals no other catalytic modules besides its Sac domain, which is very similar to other Sac domain--containing phosphatases ([@bib16]). Although the central region of Sac2 contains another conserved module, the so-called "hSac2 domain" (<http://pfam.xfam.org/family/hSac2>), structural predictions of this domain suggest a pleckstrin homology (PH) domain ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp6}). Initial experiments to assess substrate specificity of the phosphatase activity of Sac2 were performed using anti-GFP immunoprecipitates from HEK cells expressing GFP-tagged WT full-length Sac2 or either GFP alone or GFP-Sac2^D460N^ as controls. GFP-Sac2^D460N^, which like GFP-Sac2^WT^ has an endosomal localization ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp7}), harbors a mutation in the Sac domain expected to abolish its catalytic activity, based on studies of other Sac phosphatase domains ([@bib38]; [@bib23]). A malachite-based in vitro phosphatase assay to test activity against the seven PIs revealed that immunoprecipitates generated from GFP-Sac2^WT^--expressing cells had the highest activity against PI(4,5)P~2~, PI(3,4)P~2~, and PI(3,4,5)P~3~ ([Fig. 6 A](#fig6){ref-type="fig"}). Lower activities were detected against other PIs, including an activity against PI4P. However, only the activity directed against PI4P was abolished in immunoprecipitates from cells expressing GFP-Sac2^D460N^. The other activities were unchanged ([Fig. 6 A](#fig6){ref-type="fig"}).

![**Sac2 is an inositol 4-phosphatase.** (A) GFP, GFP-Sac2, and GFP-Sac2^D460N^ were transiently overexpressed in Expi293 HEK cells and semi-purified by immunoprecipitation using anti-GFP antibody. The presence of inositol-phosphatase activity in the immunoprecipitated material was assessed with a malachite-based assay. Data shown represent mean ± SD (error bars). (B) Lysates of COS-7 cells expressing GFP, GFP-Sac2^WT^, or GFP-Sac2^D460N^ were subjected to anti-GFP immunoprecipitation, and immunoprecipitates were processed by immunoblotting to assess the enrichment of GFP and GFP fusion proteins (bottom), of inositol phosphatases (OCRL, INPP5B, and synaptojanin 1), and of control proteins (epsin 1 and Erk1/2). Note the enrichment of OCRL and INPP5B in anti-GFP immunoprecipates from COS7 cells expressing GFP-Sac2^WT^ or GFP-Sac2^D460N^. (C) GST-Sac^WT^ and GST-Sac^D460N^ were expressed in bacteria, purified on glutathione Sepharose beads, and analyzed for inositol phosphatase activity against the seven PIs via the malachite assay. Data shown represent mean ± SD (error bars).](JCB_201409064_Fig6){#fig6}

This result strongly suggested that the activities observed both with the WT and with the mutant Sac2 may have reflected coprecipitation of other inositol phosphatases with robust activities present in HEK cells. One such enzyme could be OCRL, in view of the coprecipitation of this PI(4,5)P~2~ and PI(3,4,5)P~3~ 5-phosphatase with Sac2 shown in [Fig. 5 D](#fig5){ref-type="fig"}. Accordingly, when the same material used for the malachite-based assay was examined by Western blotting for the presence of OCRL, an OCRL immunoreactive band was specifically detected in extracts of cells expressing either GFP-Sac2^WT^ or Sac2^D460N^ ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201409064/DC1){#supp8}). Similar results were obtained using anti-GFP immunoprecipitates generated from COS7 cells transiently expressing GFP, GFP-Sac2^WT^, or GFP-Sac2^D460N^ ([Fig. 6 B](#fig6){ref-type="fig"}). Further Western blot analysis of these immunoprecipitates for additional inositol phosphatases revealed the presence not only of OCRL, but also of the 5-phosphatase INPP5B. These samples did not coprecipitate synaptojanin 1, which is not a Rab5 effector ([Fig. 6 B](#fig6){ref-type="fig"}), nor other cytosolic control proteins, such as epsin 1 (an endocytic clathrin adaptor) and the MAPK Erk1/2 (a soluble kinase). In spite of the detection of PI(3,4)P~2~ phosphatase activity in the malachite-based phosphatase assay ([Fig. 6 A](#fig6){ref-type="fig"}), we did not detect PI(3,4)P~2~ phosphatases with available antibodies in the immunoprecipitates. Thus, we used anti-GFP immunoprecipitates (i.e., immunoprecipitates enriched in GFP, GFP-Sac2^WT^, or GFP-Sac2^D460N^, respectively) as bait to affinity-purify material from COS7 cell lysates. This assay confirmed the selective association of OCRL and INPP5B, but not of synaptojanin 1 (and control proteins) with Sac2 (Fig. S5 B). It also demonstrated an enrichment of INPP4A, a Rab5 effector and a 4-phosphatase that dephosphorylates PI(3,4)P~2~, ([@bib46]) in GFP-Sac2^WT^ or GFP-Sac2^D460N^ affinity-purified materials (Fig. S5 B). These results demonstrate the occurrence of complexes in which Sac2 is associated with other "endocytic" phosphatases including OCRL, and suggest that the phosphatase activities against PI(4,5)P~2~, PI(3,4,5)P~3~, and PI(3,4)P~2~ observed in the in vitro phosphatase assay ([Fig. 6 A](#fig6){ref-type="fig"}) were likely accounted for by such inositol phosphatases.

To more directly assess the substrate specificity of the Sac domain of Sac2, we generated this domain and its D460N mutant form as GST fusion proteins in bacteria. When tested in the malachite-based phosphatase assay for activity against the seven PIs, robust activity was only observed when PI4P was the substrate. This activity was abolished by the D460N mutation ([Fig. 6 C](#fig6){ref-type="fig"}). We conclude that the Sac domain of Sac2 functions primarily as a PI4P 4-phosphatase.

Discussion
==========

This study demonstrates that the inositol phosphatase Sac2 is localized on early endocytic membranes and thus likely participates, along with other phosphatases ([@bib6]; [@bib49]; [@bib46]; [@bib9]; [@bib55]; [@bib36]; [@bib43]), in the modification of the PI signature of plasma membrane patches that undergo internalization.

Our results also shed light on the discrepancy between the reported 5-phosphatase activity of the Sac domain of Sac2 ([@bib31]; [@bib16]) and the close similarity of this domain to the Sac domains of Sac1 and of the synaptojanins, which strongly prefer PI4P as a substrate ([@bib13]; [@bib38]; [@bib23]; [@bib16]). Our results show that the purified recombinant Sac domain of Sac2 has a strong preference for PI4P and that this activity is abolished by a mutation expected to disrupt its catalytic activity ([@bib38]; [@bib23]), the D to N mutation at position 460 in human and mouse Sac2 (D394 in yeast Sac1). They also strongly suggest that other phosphatase activities detected in immunoprecipitates from mammalian cells expressing full-length Sac2^WT^---primarily activities against PI(4,5)P~2~, PI(3,4)P~2~, and PI(3,4,5)P~3~---are due to coprecipitating phosphatases, as they are also detected when immunoprecipitates are generated from the catalytically inactive GFP-Sac2^D460N^--expressing cells. OCRL, which as we show here is present in anti-Sac2 immunoprecipitates along with its homologue INPP5B, may account for the activity on PI(4,5)P~2~ and PI(3,4,5)P~3~, its two preferred substrates ([@bib58]). INPP4A may account for the PI(3,4)P~2~ phosphatase activity. Interestingly, this enzyme, like OCRL and INPP5B, is also a Rab5 effector ([@bib46]), which explains its presence in endocytic complexes.

In the previous study reporting 5-phosphatase activity of human Sac2, the analysis of such activity was performed on GST-Sac2 expressed in, and affinity-purified from, metazoan cells (insect cells; [@bib31]). Such activity was reported (based on unpublished data) to be abolished by an asparagine-to-alanine mutation at amino acid position 460 of the human Sac2 used for that study (possibly an oversight, as position 460 is represented by an aspartate in both human and mouse Sac2/INPP5F). This finding in principle argues against the possibility that a protein with robust 5-phosphatase activity and endogenously expressed in insect cells could have copurified with GST-Sac2 and account for the 5-phosphatase activity in the affinity-purified material. This is in contrast to our findings that the presence of 5-phosphatase activity in anti-Sac2 immunoprecipitates was unaffected by mutation of aspartate 460 to asparagine. However, when we mutated aspartate 460 to alanine, the resulting mutant Sac2 was cytosolic and did not have the characteristic punctate localization in COS7 cells, which suggests misfolding (Fig. S4). Misfolding of Sac2 could have affected its interaction with 5-phosphatases in the study of [@bib31].

The 4-phosphatase activity of Sac2 and a partial, but quite strong, colocalization with OCRL points to the interesting possibility that Sac2 and OCRL/INPP5B may be functionally linked as in synaptojanin, where the Sac domain and the 5-phosphatase domain are arranged in tandem within the same protein ([@bib27]). The partnership of a 4-phosphatase and a 5-phosphatase domain may facilitate the sequential dephosphorylation of PI(4,5)P~2~ to PI4P and then to PtdIns, which is required for the conversion of the PI(4,5)P~2~ signature of the plasma membrane to the PI3P signature of early endosomes ([@bib47]; [@bib61]). Our present findings complement our recent report that OCRL has an important role in clathrin uncoating in nonneuronal cells ([@bib36]), as they demonstrate a new similarity with synaptojanin, which has a major role in clathrin uncoating at synapses ([@bib27]; [@bib6]). Given the strong colocalization of both Sac2 and OCRL with Rab5, these two enzymes may also have a role in preventing PI(4,5)P~2~ and PI4P accumulation on endosomal membranes, where both PI 4-kinases ([@bib3]; [@bib45]; [@bib32]) and PI4P 5-kinases ([@bib50]) have been localized.

The next important step will be to elucidate the role of the enzymatic activity of Sac2 in cell physiology. KO mice for Sac2 have no obvious major phenotypes under basal conditions ([@bib59]). The one phenotype reported, in the context of studies specifically focused on heart function, was an augmented hypertrophy and reactivation of the fetal gene program in response to stress, but the underlying mechanisms remained unclear ([@bib53]; [@bib59]). A survey of the distribution of several endosomal markers (Fig. S1) and the localization of PI4P by genetically encoded probes in Sac2 KO MEFs did not reveal major abnormalities in the endosomal system, which suggests a possible compensation by synaptojanin. However, we detected a defect of clathrin-mediated endocytosis in MEFs derived from Sac2 KO mice, thus confirming a role of Sac2 in the endocytic pathway.

It is possible that the function of Sac2 may be compensated by the function of the Sac domains of synaptojanin, another protein that functions in the endocytic pathway. We also note that in the case of synaptojanin the physiological function of Sac domains remains elusive. In mouse cells ([@bib24]) and in zebrafish ([@bib12]), rescue experiments of synaptojanin KO phenotypes have demonstrated a much more critical role of the 5-phosphatase domain than of the Sac domain. Accordingly, although absence of synaptojanin 1 results in perinatal lethality in mice ([@bib6]), a homozygous mutation of its Sac domain resulting in loss of catalytic activity is compatible with life in humans ([@bib20]; [@bib44]). However, patients with such mutation develop early onset progressive Parkinsonism with generalized seizures, indicating a subtle role that becomes manifest with postnatal life ([@bib20]; [@bib44]). In this context, it is of special interest that a recent genome-wide association study has identified the gene encoding Sac2, a protein highly expressed in brain, as a risk locus in Parkinson's disease ([@bib35]).

Materials and methods
=====================

Plasmids, purified proteins, and antibodies
-------------------------------------------

Mouse Sac2 cDNA was amplified by PCR from the cDNA (Genbank accession no. [BC125437](BC125437)) obtained from GE Healthcare, and cloned into the pEGFP-C2 vector (Takara Bio Inc.) driven by CMV promoter or the p3×FLAG-CMV-10 vector (Sigma-Aldrich) to construct GFP-Sac2 and 3×Flag-Sac2, respectively. GST-Sac^WT^ was obtained by cloning the appropriate PCR fragment (amino acids 1--591) into the pGEX6 vector (tac promoter). GFP-Sac2^D460N^ and GST-Sac^D460N^ were generated by site-directed mutagenesis. Sources of other plasmids (and their backbone vector shown in parenthesis) are as follows. Note that all plasmids are driven by a CMV promoter: CLC-mRFP (pcDNA3; [@bib60]); RFP-EEA1 (pEGFP; provided by S. Corvera, University of Massachusetts Medical School, Worcester, MA); GFP-OCRL (pEGFP; [@bib9]); mCherry-OCRL (pmCherry; [@bib36]); HA-OCRL (pcDNA3; our laboratory); GFP-tagged Rab5 including WT, Q79L, and S34N mutants (pEGFP; provided by M. Zerial, Max Plank Institute, Munich, Germany); RFP-LAMP1 (pDs-Red; provided by W. Mothes, Yale University, New Haven, CT); and RFP-APPL1 (pcDNA3; [@bib61]). Sources of antibodies were as follows: rabbit anti-EEA1 (Thermo Fisher Scientific), mouse anti-LAMP1 (clone H4A3; Developmental Studies Hybridoma Bank), mouse anti-Flag M2 mAb and anti-OCRL (Sigma-Aldrich), rat anti-HA mAb (clone 3F10; Roche), mouse anti-GFP monoclonal antibody (Takara Bio Inc.), rabbit anti-CLC and rabbit anti-INPP5B (EMD Millipore), rabbit anti-Rab5 (clone C8B1) and rabbit anti-Erk1/2 (Cell Signaling Technology), rabbit anti--α-Adaptin (raised against full-length recombinant protein), rabbit anti--Synaptojanin 1 (raised against recombinant protein containing proline-rich region), rabbit anti-INNP4A (raised against full-length recombinant protein), rabbit anti--epsin 1 (raised against recombinant protein containing DPW-NPW motif), and rabbit anti-APPL1 (raised against peptide: SQSEESDLGEGGKKRESEA; our laboratory).

GST-Sac^WT^ and GST-Sac^D460N^ recombinant proteins were purified from *Escherichia coli* BL21 using glutathione Sepharose beads (GE Healthcare).

Mice and MEFs
-------------

Sac2/INPP5F KO mice, established from gene-trap embryonic stem cells (ES clone no. XL0571; International Gene Trap Consortium) in which *Sac2/inpp5f* locus is disrupted by insertional mutagenesis, were a gift from J.A. Epstein (University of Pennsylvania, Philadelphia, PA; [@bib59]). WT and KO MEFs were established from newborn pups obtained from intercrossing of heterozygous mice, as described previously ([@bib34]). In brief, newborn pups were minced, trypsinized, and cultured using DMEM supplemented with 10% FBS to obtain primary MEFs.

Immunoprecipitation
-------------------

Expi293 HEK cells (Thermo Fisher Scientific) grown in suspension, or COS7 cells, expressing GFP, GFP-Sac2^WT^, or GFP-Sac2^D460N^ were lysed with lysis buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40) supplemented with protease inhibitor cocktail (Roche) and centrifuged for 30 min at 16,000 *g*. The supernatant of Expi293 HEK cells was incubated at 4°C with Chromotek GFP-trap agarose (Allele Biotech) or anti-Flag M2 mAb conjugated to agarose (Sigma-Aldrich) for lysates from COS7 cells. The agarose beads were washed with lysis buffer and bead-attached material was used for the in vitro phosphatase assay or for protein analysis by Western blotting. To assess binding of phosphatases to Sac2 enriched by immunoprecipitation, immunoprecipitates (bead bound material) generated from COS7 cells were incubated for 3 h at 4°C with COS7 lysate and then subjected to multiple washes with lysis buffer. SDS-PAGE and Western blotting were performed using standard procedures.

In vitro phosphatase assay
--------------------------

The in vitro phosphatase malachite green-based assay was performed as described previously ([@bib33]). In brief, purified proteins were incubated with water-soluble PI lipids (diC~8~-acyl chain; Echelon) for 30 min at 37°C. Free phosphate released was detected by the malachite green solution, and development of the color was measured at 620 nm wavelength using a plate reader. Data were expressed as the mean ± SD of three independent experiments.

Microscopy
----------

Image acquisition was performed with an UltraView VoX system (PerkinElmer) on an inverted microscope (Ti-E Eclipse; Nikon) equipped with a spinning-disc confocal scanner (CSU-X1; Yokogawa Electric Corporation), a camera (C9100-50; Hamamatsu Photonics), 60 or 100× oil objective lenses (1.4 NA, CFI Plan Apochromat VC), and perfect focus controlled by Volocity software (PerkinElmer). All images were acquired with live cells (either snapshots or videos) with the incubation chamber maintained at 37°C.

Image analysis
--------------

Image analysis was performed using Volocity software (PerkinElmer), MetaMorph software (Molecular Devices), and Fiji software (<http://fiji.sc/wiki/index.php/Fiji>). For the quantification of clathrin-coated pit fluorescence, the fluorescence signal at each time point was normalized to the peak fluorescent intensity. More than 10 clathrin-coated pits were analyzed for each sample. Data are expressed as mean ± SD.

Transferrin uptake
------------------

Uptake of biotinylated transferrin was performed as described previously ([@bib56]), with slight modifications. In brief, WT and Sac2 KO MEFs were starved for 1.5 h, then chilled on ice for 30 min and finally incubated with biotinylated transferrin (10 µg/ml) in ice-cold DMEM on ice for 45 min. After washing with cold PBS, cells were incubated with prewarmed culture media (DMEM; Life Technologies) at 37°C for the indicated times. Internalization was stopped by placing the cells on ice and washing them three times with cold PBS. Cells were then incubated on ice with avidin (0.05 mg/ml) for 1 h followed by incubation with biocytin (0.05 mg/ml) for 15 min. Cells were then washed three times with PBS and lysed (1% Triton X-100, 0.1% SDS, 0.2% BSA, 50 mM NaCl, and 1 mM Tris, pH 7.4). Cell lysates (1 µg) were then added to ELISA plates coated with anti--human transferrin antibody (Abcam) and assayed for detectable biotinylated transferrin using chromogen-conjugated streptavidin as indicated in the manufacturer's protocol. Internalized biotinylated transferrin was expressed as the percentage of total surface bound at 4°C, which was not incubated with avidin or biocytin.

HPLC analysis for PI measurement
--------------------------------

Control and Sac2 KO MEFs were metabolically labeled with \[^3^H\]myo-inositol for 3 d. Cells were lysed in 4.5% perchloric acid, and the pellet was rinsed three times with 0.1 M EDTA, followed by deacylation with a mixture of methylamine/water/*n*-butanol/methanol (36:8:9:47) for 45 min at 50°C and dried in a SpeedVac. The residue was extracted with a mixture of *n*-butanol/petroleum ether/ethyl formate (20:40:1) and water. The aqueous phase was resolved using anion-exchange HPLC with an ammonium phosphate gradient (LC-20AT UFLC \[Shimadzu\] equipped with an HPLC column \[Partisil 5 SAX 4.6 × 125 mm; Whatman\]) and identified using a radiometric detector (β-RAM 4B; LabLogic). The identity of each peak was determined by comparison to known compounds. Data are expressed as mean ± SD of three independent experiments.

Online supplemental material
----------------------------

Fig. S1 shows the localization of various endocytic proteins in WT and Sac2 KO MEFs. Fig. S2 shows the presence of PI3P-positive endosomes in control COS7 cells and in COS7 cells expressing GFP-tagged Rab5-S34N. Fig. S3 shows the result of a bioinformatics analysis of the domain structure of Sac2 predicting that the hSac2 domain has a PH domain fold. Fig. S4 shows the punctate endosomal localization of GFP-Sac2^D460N^ and the diffuse cytosolic localization of GFP-Sac2^D460A^. Fig. S5 shows the biochemical interaction of inositol phosphatases including OCRL with Sac2. Video 1 shows GFP-Sac2 dynamics at the late-stage clathrin-coated pits. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201409064/DC1>.
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